Protein folding is regarded as a quantum transition between the torsion states of a polypeptide chain. According to the quantum theory of conformational dynamics, we propose the dynamical contact order (DCO) defined as a characteristic of the contact described by the moment of inertia and the torsion potential energy of the polypeptide chain between contact residues. Consequently, the protein folding rate can be quantitatively studied from the point of view of dynamics. By comparing theoretical calculations and experimental data on the folding rate of 80 proteins, we successfully validate the view that protein folding is a quantum conformational transition. We conclude that (i) a correlation between the protein folding rate and the contact inertial moment exists; (ii) multi-state protein folding can be regarded as a quantum conformational transition similar to that of two-state proteins but with an intermediate delay. We have estimated the order of magnitude of the time delay; (iii) folding can be classified into two types, exergonic and endergonic. Most of the two-state proteins with higher folding rate are exergonic and most of the multi-state proteins with low folding rate are endergonic. The folding speed limit is determined by exergonic folding.
Protein folding is a complex kinetic process by which a polypeptide changes from the denatured state to the native folding state. Although a great deal of theoretical work has been carried out, the fundamental physics underlying the folding remains unclear. The folding kinetics of a large number of proteins has been studied experimentally [1] [2] [3] . For many of these proteins, folding has been shown to be an all-or-none process with no clear intermediate state. These are called two-state proteins. However, some proteins require the accumulation of intermediates to complete the folding process. These are referred to as three-state or multi-state proteins. The rate of folding varies from milliseconds to hours. Some small proteins fold much faster, at rates in microsecond [2, 3] . Experimental data has indicated that most of the ultrafast folders show a significant decrease in folding rates as the temperature is increased [4] . The wide range of folding rates and a possible folding speed limit are likely to be closely related to the inherent physics behind the phenomena. A deeper understanding of the folding mechanism and the accurate prediction of protein folding rates is an important topic in protein science.
Since 1998, when the relative contact order (RCO) was proposed by Plaxco et al. [5] , it has been widely accepted that folding rates and mechanisms are largely determined by the topology of the native state. Much theoretical work based on this concept has been proposed. For example, Ivankov et al. [6] proposed the absolute contact order (ACO) and the more general size-modified contact order (SMCO).
They considered the effect of sequence length and secondary structure on the folding rate and proposed the effective length (L eff ) as an important folding parameter [7] . A variety of programs that predict the folding rate based on amino acid sequence integrated with other information have been published [8] [9] [10] [11] [12] [13] . Recently, using Delaunay tessellation (DT) Ouyang and Liang [14] proposed a geometric contact (Nα) to replace the previous contact order. By operationalizing 3D proximities for the underlying polypeptide chain, Segal [15] proposed a novel topology for representing protein folds that can capture more chain deformation/structural information. This idea represents a noteworthy new development. However, all these investigations remain at the phenomenological or geometrical level.
Dynamic studies of protein folding are currently limited to molecular dynamics simulations of the ultrafast folding of some small proteins [16, 17] . Apart from limitations due to computational capability currently available, molecular dynamics simulations are based on classical mechanics while protein folding is mainly a quantum mechanical process of conformational change between different torsion states of the polypeptide chain. Luo [18] [19] [20] [21] was one of the first to study protein folding problem from the point of quantum transition theory and to calculate the protein folding rate based on quantum conformational dynamics. Luo's results explain why the time scale of the fundamental folding event is generally in the order of milliseconds to microseconds and show that the folding rate can be represented by several physical parameters related to the dynamics of the polypeptide chain. The relationships between the folding rate and chain length, moment of inertia, energy gap and temperature have been deduced [18, 20, 21] . Based on Luo's theory we now propose a new contact order, the dynamical contact order (DCO), and use it to kinetically study protein folding rates. This approach will be helpful in capturing the dynamic essence of the contact order and in increasing our understanding of the mechanisms of protein folding.
Materials and methods

Protein folding rate data
The Ouyang and Liang [14] dataset of protein folding rates was used in this study. The dataset contains the experimental folding rates of 80 proteins or peptides of which 45 are two-state proteins and 35 are three-state or multi-state proteins. The proteins belong to different structural classes: 18 all alpha proteins, 32 all beta proteins and 30 alpha/beta proteins. In the dataset the difference in folding rates is more than eight orders of magnitude. All the data used in this study can be downloaded from http://gila.bioengr.uic.edu/ resources/folding/Rate.html. We used the PDB identifiers to retrieve the structure data for these proteins from the PDB database (http://www.pdb.org/pdb/home/home.do) [22, 23] .
The "standard" set of 30 two-state proteins constructed by defining standard experimental conditions was also used in our study [1] . Following Segal [15] , we have used 27 PDB-identified proteins from the "standard" set as an additional test set for our theory.
Dynamical contact order
Based on the theory of quantum conformational dynamics, Luo [18, 20] 
where W is the protein folding rate and the unit is s −1 . ΔE is the difference in the conformational potential minimum between the initial state (denatured state) and the final state (active state) of the protein. Because of the co-participation of many torsion angles in the transition, ΔE is the sum of the contribution of the different torsion degrees of freedom. K B is the Boltzmann constant, T is the absolute temperature, and I j is the moment of inertia of the jth mode (torsion angle) in g cm 2 . b j is the electronic quantum number, the square of the magnetic quantum number for the jth mode, for which the order of magnitude is one.
For multi-state protein folding we used the unified folding mechanism of non-two-state and two-state proteins proposed by Kamagata et al. [24] . We assumed that multi-state protein folding can be represented as the joining of several quantum transitions and that each quantum transition occurs at independent degrees of freedom for the torsion angles. Thus, the total collapse process can be approximately described as a non-radiative transition of many degrees of freedom [21] . The transition rate of multi-state protein can then be defined as
0.37 10 .
The additional factor e −τ in this equation indicates that, compared with the two-state protein folding rate, there may be a time delay in the multi-step process for non-two-state protein folding rates. The complex movement of residues during protein folding is difficult to follow. To calculate the folding rate using eqs. (1) and (2), we propose a model based on the concept of contact order. To characterize a contact we assume the inertial moment of the polypeptide chain between contact residues and the torsion energy of the cooperative transition to be the feature variable. This we have named the dynamical contact order (DCO) model to emphasize the kinetic aspects of the contact. To investigate the consistency of the theoretical results and to ensure that the result does not de-pend on the details of torsion motion, we have calculated the moment of inertia using three different algorithms detailed below.
The residue is regarded as a particle with a mass that is equal to the mass of the corresponding amino acid minus 18 u (the water molecule mass). The spatial location is determined by the coordinate of the main chain Cα atom. When the spatial distance between a pair of residues a i and a j (i and j denote the position of the residues in the sequence, assuming i<j) is not greater than 0.8 nm (threshold) and j−i>1, the residue pair is regarded as a contact pair s. The moment of inertia of the kth residue in contact pair s is calculated by 2 ,
where m sk is the mass of the kth residue in the contact pair s and r sk is the vertical distance between the kth residue and the rotational axis. Because, in a quantum transition, many torsion modes are cooperative the inertial moment of residue k should be summed. In eqs. (1) and (2), we see that the moment of inertia in transition occurs in two ways: one, as the direct sum of inertial moment of different modes called the series connection factor; and another, as the sum of reciprocal inertial moments called the parallel connection factor. Considering all contact residue pairs s(i, j) in the sequence (the total number of contact pairs being N c ), we can define the dynamical contact order DCO as 
where DCO_S is the series connection factor for the moment of inertia, DCO_P is the parallel connection factor for the moment of inertia, and the third term in eq. (4) (4) is compared with eqs. (1) and (2), we find that, apart from a constant term, DCO is essentially lnW, the logarithm of protein folding rate.
As mentioned earlier, in calculating the inertial moment three algorithms, denoted C1, C2 and C3, were used.
C1, the link of a pair of contact residues a i and a j is taken as the axis of rotation. For a given contact pair, the rotational axis is fixed.
C2, for residue k between a contact pair a i and a j , the axis of rotation is defined by a line across i or j, perpendicular to the plane (k, i, j). The rotational axis between i and j changes with k.
C3, the inertial moment of the kth residue rotating relative to an axis across the (k−1)th residue and perpendicular to the link of k and k−1 is calculated. For a pair of contact residues a i and a j all the resultant moments are summed over k.
On account of the approximate proportionality of the torsion inertial moment of multipeptide chain with the sum of amino acid inertial moments between a pair of contact residues the protein inertial moments calculated from the above three models can reflect the relative magnitude of the torsion inertial moment of these multipeptide chains in the database.
Results
The correlation between the protein folding rate and the series connection factor of inertial moments
The correlation between DCO_S and the experimental values of lnk f for folding rates was calculated for the 80 proteins in the data set. The results are summarized in Table 1 . It can be seen that there is significant positive correlation between the series connection factor and the protein folding rate. The results are insensitive to the choice of rotational axis. The correlation coefficients for the three rotational axis cases are comparable to or higher than other predictions for the same test dataset.
The correlation between the protein folding rate and the parallel connection factor of inertial moments
Because of the difficulty in estimating the value of the elec- tronic quantum number b j in eq. (1), we adopted a simplified view and assumed that the quantum number depends only on the nature of the amino acid residues. Thus, the parallel connection factor of inertia moment is defined as gly ala (gly) (ala) 1 1 ... Table 1 . The results show that there is a negative correlation between them. Apart from a slightly lower correlation for the C1 case, the correlation coefficients for both models using a random choice of quantum numbers are all higher than earlier predictions. It is of note that there is no significant difference in the results between the two models. Indeed, if b j =1 is used in all cases, the correlation coefficients between the protein parallel connection factor and the folding rate are −0.75, −0.84 and −0.86 for the three rotation axis cases, very close to the result for the two random models above. For simplicity we assumed b j =1 in all further calculations on the comparison of folding rate among different proteins.
Conformational potential energy difference ΔE r and exergonic/endergonic folding
We have compared the theoretical calculations of protein folding rates (DCO) with the experimental values of lnk f to gain insights into the conformational potential energy difference ΔE r and the time delay factor τ of multi-state folding.
To calculate the DCO, we first assume that the electronic quantum number is equal to 1. We then study the error as a result of this assumption. The deviation between the theoretical and experimental folding rate (DCO−lnk f ) for each protein was used to estimate the consistency level between theory and experiment. Because the magnitude of the quantum number b j ranges from 1 to 10, it is reasonable to allow uncertainty in the value of (DCO−lnk f ) to be ±2. In other words, we took |DCO−lnk f |<2 as the condition for consistency.
To satisfy the condition |DCO−lnk f |<2 for as many proteins as possible, we made a simple choice for the conformational potential energy difference, namely ΔE r =±4 or 0 for each protein. From the definition of ΔE r , ΔE r >0 indicates that the folding process is exergonic while ΔE r <0 indicates an endergonic folding process. Because the specific torsion potential energy curve for each protein was unavailable, we divided ΔE r into three categories, ΔE r >0, =0, and <0. The prediction results for the differentiation of proteins between exergonic and endergonic processes are given in Table 2 . From these results, we find that the high rate folding of most two-state proteins (23 proteins) and a few multi-state proteins (six proteins) is exergonic while the low rate folding of most multi-state proteins (23 proteins) and a few two-state proteins (13 proteins) is endergonic. For the remaining 15 proteins in the dataset of 80 proteins, ΔE r is 0, indicating that the difference in conformational potential energy between the final and initial states is small.
Using eq. (4) and the obtained DCO_S, DCO_P and ΔE r for each of the proteins, we calculated the distribution of the deviation between theoretical and experimental values for the folding rate at τ=0 and τ=3.5. The statistical results are summarized in Table 3 . Detailed discussion of the results for τ=3.5 is in section 2.4.
The results in Table 3 indicate that the differences between the theoretical and experimental folding rates fall mainly in the range from −2 to 2, indicating that the theory agrees well with experiments for exergonic/endergonic proteins when ΔE r =±4. To give a more intuitive picture of the results, the data for the C2 rotational axis case for τ = 0 are plotted in Figure 1 . The results are similar for the other two rotational axis cases. However, the best-fit time delay factor for multi-state proteins is τ =3.5 (see section 2.4).
Time delay factor of multi-state protein folding
There is a time delay factor τ in the DCO for multi-state protein folding. The factor was estimated by two approaches: one in which the number of proteins that satisfied the condition |DCO−lnk f |<2 was maximized, and the other when the correlation coefficient between DCO and lnk f was at its maximum.
When ΔE r was set to 4 or −4 for exergonic and endergonic proteins, respectively, we observed that the number of proteins satisfying |DCO−lnk f |<2 and the correlation coefficient between DCO and lnk f both changed with τ. The results, shown in Figure 2 , indicate a maximum value for τ of between 3 and 4 for the three axis cases. The maximum protein numbers that satisfy the condition |DCO−lnk f |<2 are 60, 68 and 65, and the maximum correlation coefficients between DCO and lnk f are 0.84, 0.91 and 0.88, for C1, C2 and C3, respectively. The distribution of DCO−lnk f for τ = 3.5 is given in Table 3 .
Testing for consistency using the "standard" data set
In addition to the 80 protein dataset [14] , we used 27 two-state folding proteins from the "standard" set given by Maxwell et al. [1] and Segal [15] to test the consistency of our results. Assuming ΔE r =±4, we calculated the number of proteins that satisfy the condition |DCO−lnk f |<2 and found for the C2 rotational axis case all 27 proteins satisfy the condition and 25 of the proteins satisfy the condition in the C1 and C3 axes cases. For the 27 proteins the maximum correlation coefficients between DCO and lnk f are 0.88, 0.92 and 0.91 for C1, C2 and C3, respectively.
Discussion
DCO develops the concept of Plaxco contact order
Using the quantum theory of conformational dynamics we have developed the concept of Plaxco contact order and proposed a dynamical contact order (DCO). We suggest that the residue contact pair is the basic unit of quantum transitions and that coherent quantum transitions of various con- Figure 2 The change in the number of proteins satisfying |DCO−lnk f |<2 with changing time delay factor τ (A) and the change in the correlation coefficient between DCO and lnk f with changing τ (B). C1, C2, and C3 correspond to the three rotational axis cases.
tact pairs is the primitive process of protein folding. The consistency between the theoretical DCO and the experimental lnk f supports our view that protein folding from the denatured state to the native state is a process of quantum transition. The moment of inertia is the main term that we use to define the DCO. Our calculations show that both the series factor and the parallel factor of the moment of inertia are significantly correlated with the folding rate. The Plaxco contact order is an empirical rule that is defined by the non-local contact number between residues and the distance between them in the sequence [5] . We propose that a pair of contact residues with greater sequence distance will have more couplings of residue inertial moments and will contribute more to the contact order. Further, torsion-rotational inertia is a dynamical factor that will influence the folding process. The DCO, thus, gives a deeper understanding of the dynamical essence of the Plaxco contact order.
Exergonic/endergonic folding and an upper limit for the folding rate
In the present study we emphasize the important contribution of the conformational potential energy difference ΔE to the DCO and successfully predict the exergonic and endergonic folding of proteins (Table 2 ). Other researchers have studied the ultrafast folding proteins [1, 25] and an upper limit for the folding rate has been proposed [3] . As a general problem, the upper limit of the protein folding rate can be estimated by Kramer's model and polymer diffusion theory [26, 27] , by using the nucleation-condensation mechanism [28, 29] , by the thruway search model [4] or by other methods. None of these methods consider folding as a quantum transition process. In the quantum theory of folding that we now propose the main decision factor for ultrafast folding is the ΔE r term in the DCO. We have shown that when ΔE r >0 the exergonic folding process is significantly accelerated. We have successfully classified 80 proteins into three categories according to their ΔE symbol (positive, negative or zero) and roughly determined the value of ΔE as equal to +8K B T, −8K B T or 0. For a more rigorous approach, the values of ΔE r should be calculated for each protein because even for proteins of the same category, the ΔE r may be different. A more accurate determination will be carried out in future work. Here we compare our predicted exergonic folding proteins with the high-speed folding proteins listed by Kubelka et al. [3] . Of the 10 high-speed folding proteins listed, nine proteins have folding free energies of less than 0 (ΔG<0). This is consistent with our prediction results shown in Table 2 . The experimental data for these nine proteins are listed in Table 4 . When comparing our results with experiments we should note that ΔE indicates the difference in torsion energy between the initial state and the final state while ΔG usually denotes the free energy difference between the final state and the initial state so that, ΔE>0 corresponds to ΔG<0. We should also note that the experimental free energy ΔG includes all changes of energy in the reaction and not only the torsion energy. For example, the conformation-adjusting energy after a coherent quantum transition between torsion states may be important for arriving at the native state. This energy is not included in ΔE, but will be included in the measured folding free energy ΔG. We found that the ΔG for the predicted endergonic protein, 2A5E, was less than 0 [30] . This discrepancy between the theoretical and experimental results may be because the conformation-adjusting energy after quantum transition is not included in ΔE.
New understanding of the mechanism of multistate protein folding
The mechanism of multi-state folding was without a clear theoretical basis [31] until Kamagata et al. [24] indicated that the folding rates for non-two-state proteins show a similar dependence on the native backbone topological parameters as the folding rates for two-state proteins. Our statistical analyses of the correlation of DCO_S and DCO_P with the protein folding rate ( Table 1 ) also show that there is no difference between two-state and non-two-state proteins. Following the work of Kamagata et al. [24] and from our own statistical analyses, we propose that multi-state protein folding can be described as a joint process of several quantum transitions that occur at different degrees of freedom of the torsion angle. The proposal is supported by its consistency with quantum transition theory [21] . The folding rate of a multi-state protein can be expressed by the formula for two-state folding with an additional factor e −τ that indicates the time delay while in the intermediate state.
The time delay factor e −τ will be different for different proteins but, as a first approximation and to emphasize the difference between them and two-state proteins, we assume a common value for all multi-state proteins. The results of the statistical analyses described in section 2.4 support our understanding of the multi-state protein folding mechanism.
From our calculations we obtained a best-fit value of τ=3.5
for the time delay caused by the intermediate state.
We have shown that using DCO to kinetically study protein folding rates gives a simple picture of multi-state protein folding that captures certain essentials of the mechanisms that are involved in the process. A more detailed study of the time delay parameter τ is required. Further, the threshold distance for a contact pair in multi-state folding requires further investigation because it may be different from, perhaps larger than, that for a contact pair in a two-state protein. These problems will be studied in subsequent research.
